ABSTRACT Glucose dehydrogenase (GO) was found to be expressed during the pupal stage in both sexes of Drosophila melanogaster, but is limited to the male ejaculatory duct at the adult stage. During copulation GO is transferred from males to females. Mutational analysis of the Go locus indicates that a single structural gene encodes the pupal and ejaculatory duct GO. Thus an example of an enzyme structural gene switching from non-sexlimited to sex-limited expression has been found. Go mutants are recessive lethals exhibiting a late pupal effective lethal phase. These mutants can be rescued by excising the anterior end of the pupal case 0-2 days prior to the normal adult emergence time. It appears that the function of GO in pupae is to aid in the degradation of the puparium cuticle in preparation for the eclosion of the adult. 
analysis, we (i) demonstrate that the expression of the pupal and ejaculatory duct GO is coded for by a single gene and (ii) elucidate the developmental function of pupal GO. In higher eukaryotes many enzymes must function in more than one tissue and during more than one developmental stage. As a consequence of the biochemical and genetical complexities intrinsic to this requirement, two general evolutionary solutions have occurred. One solution has been the development of genetically independent isozymes via gene duplication (1) . The lactate dehydrogenase isozymes in vertebrates and the hexokinase isozymes in Drosophila are the classic examples of such systems (2, 3) . Alternatively, many single genes are expressed in diverse tissues and developmental stages, after which they are post-transcriptionally modified in a tissue-specific manner (4) . Inasmuch as sexual dimorphism presents a complex regulatory problem, it is not surprising that genetically independent isozymes constitute all known sex-limited enzyme systems. Thus testis-specific lactate dehydrogenase X in mammals (2) and testis-specific hexokinase t in Drosophila (3) Electrophoretic Assays. Crude extracts of one or more Gos! Gos individual organisms were subjected to 6% polyacrylamide gel electrophoresis in a 0.1 M Tris borate, pH 9.2, buffer system or to starch gel electrophoresis (7) . The gels were histochemically stained for GO by the methods of Cavener (7) . GO Activity Profiles. For each developmental stage and postcopulation time point three or four replicates of six Gos/ GoS individuals were homogenized in 0.1 M Tris HCl, pH 7.0, and the extracts were centrifuged for 10 min at 12,000 x g and 40C. GO the homogenate on a 6-mm-diameter circle of Whatman no. 1 filter paper, applying the absorbed homogenate to a microtiter well (Linbro 96 SC) containing 0.5 ml of the GO histochemical stain in 1% agar, and scoring for the absence/presence of a blue spot from the reduction of nitroblue tetrazolium. In those crosses that did not produce viable *Gos/Df(3R)AntpNs+R17 adult progeny, *Gos/GoF male progeny were subjected to electrophoresis to determine if the GO' allozyme was still being expressed (line E).
RESULTS AND DISCUSSION
The complete developmental profile of GO (Fig. 2) expression of GO at all developmental stages (see below), we propose that the ontogenic heterogeneity in electrophoretic mobility is due to differential modification of GO mRNA or GO protein. In addition to these developmental isozymes, two electrophoretically distinguishable Go alleles (Gos and GoF) exist in natural populations (9) . The GoF/GoF and Gos/Gos genotypes both exhibit corresponding isozymic patterns during development.
During the pupal stage, GO is widely distributed in the head, thorax, and abdominal regions of the puparium in both males and females. At the adult stage, GO can be found only in the male ejaculatory duct and in nonvirgin females. This latter finding suggested that GO might be transferred from males to females during copulation as is the case for esterase-6 (10). In order to corroborate this suggestion, we measured GO activity in males and females at various times before and after copulation. The data presented in Fig. 3 clearly indicate that a large portion of the male GO activity is lost during mating, whereas females obtain GO activity that was previously absent. Males exhibit a simple linear recovery of GO activity, which plateaus at a level equal to or exceeding that of virgin males. One possible explanation for the presence of GO in females after copulation is that copulation induces the expression of the Go gene in females. We have been able to reject this hypothesis by mating GoF/GoF males and Gos/Gos females and demonstrating that only GOF is found in the mated females.
In order to investigate the genetic control and developmental function of GO, we used ethyl methanesulfonate to induce mutations in the Go structural gene and studied the resultant phenotypic lesions. The mutagenesis experiment was performed by using a modification of the techniques of O'Brien and MacIntyre (ref. 11 and Fig. 1 ). Of the 1,200 mutagenized flies, 1,172 were viable as heterozygotes with the screening deficiency Df AntpNs+R17. Only one of these (Gon") failed to show GO activity in the spot test. Although Gon' individuals fail the spot test, a low level of GO activity can be detected in such mutants by increasing the number of males in the homogenate to 10 or more. Individuals homozygous for Gon" are viable, contain less than 1% of wild-type GO activity in pupae and male adults, and exhibit an altered electrophoretic mobility for GO.
Twenty-eight of the mutagenized flies proved to be lethal in combination with Df(3R)AntpNs+R17. Two of these (Gon2 and Gon3) failed to exhibit the GOs allozyme when tested as putative *Gos/GoF heterozygotes. Gon2 and Go'3 are also recessive homozygous lethals. Several other ethyl methanesulfonate-and x-ray-induced lethal mutations (12) that map within 15 salivary chromosome bands of the Go locus were recovered and supplied to us by T. C. Kaufman. Two of these mutations, 4 .11 (an ethyl methanesulfonate-induced mutation) and XaD5 (an x-ray-induced mutation), also failed to exhibit a heterozygous electrophoretic banding pattern in combination with either Gos or GoF.
Gon2, Gon3, Go"4 (XaD5), and Gon5 (4.11) form a simple lethal complementation group. All possible heterozygous combinations are lethal with the exception of Gon2/Gon4 and Gon2/ Gon5, which are semilethal (i.e., less than 25% of the expected heterozygotes occur in complementation tests). These exceptional cases are interpreted to be due to low levels of intragenic complementation. Furthermore, the four Go mutations complement all the other lethals in the region surrounding the Go locus (unpublished). Thus, these Go mutations define the structural gene locus for glucose dehydrogenase and, in addition, indicate that Go is a vital gene. We speculate that the lowactivity mutant Gon" contains enough activity enzyme in vivo to survive.
The effective lethal phases (i.e., the stage in development beyond which a lethal mutant cannot develop and death occurs) were determined for the various GonUll/Df(3R)AntpNs+Rl7 heterozygotes. Because these heterozygotes are generated from a cross between TM3, Sb/Gonu"l and TM3, Sb/Df(3R)AntpNsRl7 parents, they can be identified during the latter half of metamorphosis as those pupae with wild-type (Sb+) bristles. The result of this analysis indicates that all of the heterozygous combinations exhibit a late pupal lethal phase, with the exception of Gon4, which dies before the pupal stage. However, Go"4 exhibits a late pupal lethal phase as a heterozygote with other Go null alleles. Most likely Gon4 contains another lethal mutation exposed by Df(3R)Antp+R"7 which has an earlier lethal phase.
We next dissected from the puparium several pharate adults with different Gonull/Df(3R)AntpRl7 genotypes. No morphological anomalies could be detected. Indeed, after the removal of one such adult from the puparium, it walked away from the dissection plate! This suggested that the lethality might be due to an inability of the pharate adults to eclose from the puparium. Two procedures were then used in an attempt to rescue these lethals: (i) developing larvae were fed 5% (vol/vol) gluconic acid (the presumed product of the GO-catalyzed reaction) and (ii) the anterior end of the puparium (operculum) was excised 0-2 days before eclosion normally occurs. Of these two procedures only the technique of operculum excision was effective in rescuing the GO-deficient flies. This technique can rescue more than 90% of these mutants. The ability to rescue Go mutant flies has allowed us to determine that GO activity is completely absent in these mutants in all developmental stages, demonstrating that a single structural gene is responsible for both the pupal and male adult GO activities.
Go mutant pupal cases are unusually resilient to mechanical pressure. In contrast, light lateral pressure applied upon the operculum seams of wild-type pupae cases easily breaks them open. We hypothesize that the function of GO at the pupal stage is to aid in the catabolism of the puparium cuticle in preparation for adult eclosion (emergence). This hypothesis assumes that GO is secreted by the pharate adult into the intercellular space between the imago and the pupae case. Thus, GO may be secreted at both the pupal and male adult stages. Consistent with this notion is the fact that GO is a glycoprotein at both developmental stages (unpublished). We speculate that the sexlimited expression of GO at the adult stage is directly related to the presence of the ejaculatory duct in males and its absence in females. Under this hypothesis, the GO gene might respond to unique regulatory signals in the ejaculatory duct in a cell-autonomous manner. Alternatively, the ejaculatory duct may respond to a specific circulating hormone to illicit the expression of GO.
The metabolic, physiological, and developmental functions of GO and the molecular basis of the genetic control of the unusual developmental expression of Go remain to be investigated.
